Abstract. The purpose of this study was to develop an injectable in situ liquid crystal formulation for intraarticular (IA) administration, and in situ forming a viscous liquid crystalline gel with long-term release of sinomenine hydrochloride (SMH) upon water absorption. The pseudo-ternary phase diagram of phytantriol (PT)-ethanol (ET)-water was constructed, and isotropic solutions were chosen for further optimization. The physicochemical properties of isotropic solutions were evaluated, and the phase structures of liquid crystalline gels formed by isotropic solutions in excess water were confirmed by crossed polarized light microscopy (CPLM) and small-angle X-ray scattering (SAXS). In vitro drug release studies were conducted by using a dialysis membrane diffusion method. The optimal in situ cubic liquid crystal (ISV 2 ) (PT/ET/water, 64:16:20, w/w/w) loaded with 6 mg/g of SMH showed a suitable pH, showed to be injectable, and formed a cubic liquid crystalline gel in situ with minimum water absorption within the shortest time. The optimal ISV 2 was able to sustain the drug release for 6 days. An in situ hexagonal liquid crystal (ISH 2 ) system was prepared by addition of 5% vitamin E acetate (VitEA) into PT in the optimal ISV 2 system to improve the sustained release of SMH. This ISH 2 (PT/VitEA/ET/water, 60.8:3.2:16:20, w/w/w/w) was an injectable isotropic solution with a suitable pH range. The developed ISH 2 was found to be able to sustain the drug release for more than 10 days and was suitable for IA injection for the treatment of rheumatoid arthritis (RA).
INTRODUCTION
Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by inflammation of the joints, with proliferation of the synovium and progressive erosion of cartilage and bone (1, 2) . RA may lead to significant disability and consequently a reduction in patients' quality of life. According to reports (3, 4) , RA affects about 1% of the worldwide population and is associated with a large expenditure of health care resources.
Sinomenine (7, 8 -didehydro-4-hydroxy-3,7-dimethoxy-17-methyl-morphinan-6-one) is an alkaloid found in the root of the climbing plant Sinomenium acutum (5) . Sinomenine has significant anti-inflammatory, analgesic, and immunesuppressive effects and has been widely used in clinical treatment of RA (6, 7) . It has been demonstrated that sinomenine is more efficacious and safe than traditional nonsteroidal anti-inflammatory medicines (6) . In this study, sinomenine hydrochloride (SMH) was chosen as a model drug due to its good water solubility.
Intra-articular (IA) injection of SMH, unlike traditional drug delivery methods such as oral, parenteral (i.v., i.m., s.c.), and transdermal administrations, is able to directly deliver drugs to joint cavity, thus increasing local drug concentration and decreasing drug dose and systemic side effects (8) . Unfortunately, it is demonstrated that small molecules are rapidly cleared from joint cavity after IA injection (9) . Therefore, there is an urgent need to develop a sustained release formulation of SMH to reduce frequent dose and improve patient compliance.
Inverse bicontinuous cubic liquid crystals (V 2 ) and inverse hexagonal liquid crystals (H 2 ) have recently received much attention due to their highly ordered internal structures, which offers the potential as a slow release matrix for active pharmaceutical ingredients with various size and polarity (10) (11) (12) . In addition, both vehicles demonstrate the ability to protect unstable drugs from enzymatic and physical degradation (13) (14) (15) (16) . In the past decade, phytantriol (PT) has been widely used to form V 2 and H 2 (10, 17) . PT is a well-known active ingredient used in cosmetic industry (18) , which has been widely used as a cubic phase-forming material in excess water at physiological temperature (17, 19, 20) . PT-water system forms the V 2 at physiological temperature, with a transition to H 2 at a higher temperature. The transition temperature from V 2 to H 2 may be suppressed at 25°C by addition of 5% (w/w) vitamin E acetate (VitEA) to PT (19) . By the addition of 5% VitEA to PT, the release of hydrophilic drugs (e.g., glucose, Allura Red, and FITC-dextrans) from the PT-based H 2 was significantly slower than that from V 2 at 37°C (10).
Since V 2 and H 2 are too viscous for IA injection, lowviscosity precursor systems were prepared which form V 2 or H 2 upon exposure to excess solution/synovial fluids (10, 21) . These low-viscosity precursor systems are called in situ liquid crystal delivery systems, such as in situ cubic liquid crystals (ISV 2 ) and in situ hexagonal liquid crystals (ISH 2 ). In situ liquid crystal delivery systems have several advantages, such as simple production, easy administration, dose reduction capability, and local and sustained delivery (22) . In recent years, injectable in situ liquid crystal formulations with low viscosity have been extensively studied in sustained parenteral drug delivery (22) (23) (24) (25) (26) . Han et al. (25) developed an ISV 2 system (PT/ethanol (ET)/water, 0.8:1:3.2, w/w/w) as an embolic agent for the treatment of hepatocellular carcinoma. The in vitro dissolution results showed that docetaxel in the formulation sustained release for up to 30 days. In another study, BorghetiCardoso et al. (22) developed an ISH 2 system (monoglycerides/oleylamine/propylene glycol/tris buffer, 8.16:0.34:76.5:15, w/w/w/w) for local small interfering RNA delivery, which was able to form a complex with the small interfering RNA to avoid its degradation and transform into a hexagonal liquid crystalline gel after subcutaneous injection.
In this study, two types of SMH-loaded in situ liquid crystal systems, i.e., ISV 2 and ISH 2 , were developed for the treatment of RA via IA administration. ISV 2 was prepared by PT, ET, and water. The pseudo-ternary phase diagram of PT-ET-water was constructed and the component influence on ISV 2 formation was investigated. The prepared ISV 2 systems were characterized by crossed polarized light microscopy (CPLM) and small-angle X-ray scattering (SAXS) and optimized by their physicochemical properties and in vitro release behavior. ISH 2 system was developed with addition of 5% VitEA into PT in the optimal ISV 2 system and characterized by CPLM and SAXS. The in vitro release behavior of ISH 2 was also performed and compared to that of ISV 2 .
MATERIALS AND METHODS

Materials
Phytantriol (3,7,11,15-tetramethyl-1,2,3-hexadecanetriol, PT, GC > 95%) and vitamin E acetate (VitEA, GC >98%) were purchased from Tokyo Chemical Industry Co., Ltd. (Shanghai, China). Ethanol absolute was supplied by Nanjing Chemical Reagent Co., Ltd. (Nanjing, China). Sinomenine hydrochloride was obtained by Chengdu Must Biotechnology Co., Ltd. (Chengdu, China). All reagents were of analytical grade except that methanol and triethylamine were of HPLC grade. Purified water from a Milli-Q system (Millipore, Bedford, USA) was used throughout the experiment.
Preparation of In Situ Liquid Crystal Systems ISV 2 was prepared using PT, ET, and water. PT was gently melted at 60±0.5°C. After that, ET was added into PT to facilitate the flowability of the system. Meanwhile, an aqueous solution of SMH was prepared by dissolving the drug in Milli-Q water. This aqueous solution was pre-warmed at the same temperature as PT and then mixed with PT and ET. The mixture was then vortex-mixed homogeneously for 3 min and centrifuged at 3000 rpm for 30 min. The resulting formulations were finally sterilized by filtration through a 0.22-μm filter and kept in closed vials at room temperature for 48 h for equilibration before any experimental execution. ISH 2 was prepared in the same manner except for the addition of 5% VitEA into PT before melting.
Construction of Pseudo-ternary Phase Diagram
A phase diagram was constructed by first mixing PT with ET in the ratios of 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2, and 9:1 (w/w). A predetermined amount of each mixture was then transferred into a vial and mixed with water at the ratios of 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2, and 9:1 (w/w) to a total weight of 0.2 g. The resulting formulations were maintained 48 h at room temperature to reach equilibrium. After that, each phase was identified by visual observation and CPLM at room temperature, as described below.
Visual Observation and CPLM
The samples were characterized by visual observation and CPLM (CK-500, Caikon, China) at room temperature. Visual observation was used to inspect sample homogeneity and phase separation. CPLM was used to identify sample phase structures. In addition, CPLM was also used to confirm the phase structures of liquid crystalline gels formed by ISV 2 and ISH 2 in excess water.
SAXS Measurements
The phase structures of liquid crystalline gels formed by ISV 2 and ISH 2 in excess water were further confirmed by SAXS at 48 h after formation. The measurements were performed on an SAXSess mc 2 SAXS (Anton Paar, Austria) with X-ray source of wavelength λ=0.154 nm, and operated at 40 kV and 50 mA. The optics and sample chamber were under vacuum to minimize air scatter. Measurements were performed at 37°C, and samples were equilibrated for 10 min prior to collection of scattering pattern for 10 min. Scattering files were background-subtracted, and scattering intensities were plotted versus q value, which enabled the identification of peak positions.
Physicochemical Characterization
Evaluation of Syringeability
Syringeability is considered as the ability of a preparation to be successfully administered by syringe with an appropriate needle (27) . In this study, 1-mL plastic syringes with 25 G needles (Shifeng®, Shanghai, China) were used to evaluate the syringeability of the chosen formulations. And, the syringeability was manually assessed at room temperature and was considered as an all-or-nothing process in evaluating the ability of the selected formulation to be injected (27) .
Determination of pH Value
For parenteral formulations, the general acceptable pH range is 4-9 (28). The pH values of chosen formulations were determined by a SevenMuti type multi-tester (Mettler Toledo, Shanghai, China).
Determination of the Minimum Volume of Water for Gelation (V min )
After IA injection, ISV 2 needs to absorb water to form a cubic liquid crystalline gel for sustained drug release. The V min of the chosen formulations was determined using the magnetic stirring method (29) . First, 0.1 g of the sample was aliquoted into a 5-mL vial, and at the same time, a magnetic bar (10 mm×6 mm) was added into the vial. The vial was then incubated in a water bath at 37.0±0.5°C for 5 min with the magnetic stirring speed of 30 rpm. After that, 10 μL of water was added into the vial every 1 min until the magnetic bar completely stopped moving due to gelation. The total volume of the water added into the vial was determined to be the V min of the sample.
Determination of Gelation Time (T g )
The T g of the chosen formulations was also determined using the magnetic stirring method. First, 0.1 g of the sample was aliquoted into a 5-mL vial, and at the same time, a magnetic bar (10 mm×6 mm) was added into the vial. The vial was then incubated in a water bath at 37.0±0.5°C for 5 min with the magnetic stirring speed of 30 rpm. After that, excess water (0.3 mL) was added into the vial, and the time when the magnetic bar completely stopped moving due to gelation was determined to be the T g of the sample.
In Vitro Drug Release
In vitro release study was conducted by using a dialysis membrane diffusion method (21) . The formulations (0.5 g) in triplicate were placed separately in 6-cm dialysis bags (14,000 Da MWCO). The dialysis bags were then closed and immersed into 6 mL of pH 7.4 PBS in glass bottles, which were further placed in a horizontal shaker (37.0±0.5°C, 60 rpm). Sodium azide (0.02%, w/v) was added to the release medium to prevent bacterial contamination. Sink conditions were provided throughout the experiments. At predetermined time points of 0.5, 1, 2, 4, 6, 12, 24, 48, 72, 96, 120, 144, 168, 192, 216 , and 240 h, all of the release medium was withdrawn and replaced with fresh medium. The release medium samples were filtered through 0.45-μm millipore filters and analyzed using reverse phase high-performance liquid chromatography (RP-HPLC).
The amount of SMH released was analyzed using a validated RP-HPLC method. The RP-HPLC system was equipped with a binary pump (Waters 1525), an UV detector (Waters 2489) set at 263 nm, a 1500 series column heater set at PT phytantriol, ET ethanol, SMH sinomenine hydrochloride 30°C, and a Breeze chromatographic working station. Chromatographic separation was performed using a Phenomenex Gemini C 18 column (250 mm×4.6 mm, 5 μm). The isocratic mobile phase was composed of 18% methanol and 82% water containing 0.075% phosphoric acid (v/v) and 0.125% triethylamine (v/v). The flow rate was set at 1 mL/min and the injection volume was set at 20 μL.
Statistical Analysis
The similarity factor f 2 was used for release profile comparison (30) and calculated using the following equation:
where f 2 is the similarity factor, and R t and T t are the percent drug released at each time point for the two compared samples, respectively (31) . As indicated by Shah et al. (30) , the f 2 value has to be higher than 50 to assess two release profiles as being similar.
RESULTS AND DISCUSSION
Phase Diagram
PT and V 2 are too viscous to be injected directly (21, 25) . In order to obtain an injectable ISV 2 system which will transform into cubic liquid crystalline gel after contact with synovial fluids, a co-solvent of ET was added into the PT-water system (21) . The ternary phase diagram of PT-ET-water was constructed to characterize different phase areas and identify the compositions of the isotropic solution phases (Fig. 1) . In the phase diagram, each phase was identified by visual observation and CPLM at room temperature (22, 25) . The solution samples that showed a dark background under CPLM were characterized as isotropic solution phase. Samples visualized as emulsion with phase separation after 48 h were characterized as milky phase. Samples visualized as gel that showed a dark background under CPLM were characterized as cubic phase. Samples that showed Maltese crosses under CPLM were classified as lamellar phase. Samples that showed a birefringence fan-like structure under CPLM were regarded as hexagonal phase.
As shown in Fig. 1 , the isotropic solution phase formed at a water content of less than 50%. A viscous liquid crystalline phase (lamellar, mixture of lamellar and cubic phase, or cubic phase) was observed when the water content was higher than 30% and ET content less than 30%. An isotropic solution phase and two liquid crystalline phases were shown in the constructed phase diagram, which was consistent with the results generated by Wadsten-Hindrichsen et al. (32) .
According to the diagram, the isotropic solution phase was mainly formed in lower water content areas (less than 20%) whereas the cubic phase was mainly obtained in higher water content areas (higher than 70%). This behavior can be explained by the critical packing parameter (P), which is used to predict the phase structure of liquid crystal formed by amphiphile molecules. The formula is P=v/al, where P is critical packing parameter, v is the hydrophobic chain volume, a is the crosssectional area of the polar headgroup and l is the hydrophobic chain length (33) . The P values are commonly 1 and >1 for lamellar and cubic phases (34) . When water content increases, the polar head of PT will move more freely. This results in a disorder of the hydrophobic chain, increasing v. a and l tends to be constant. Therefore, the P value will increase which favors the transformation of isotropic solution phase into cubic phase.
Since the isotropic solution phases showed liquid-like viscosity, the formulations from this region might be suitable for IA injection. The cubic phase was formed when the ET content was less than 20%, and as the ET content in PT-water mixtures increased, the amount of water required to form the cubic phase increased (Fig. 1) . Therefore, isotropic solution phases with lower ET content were chosen as ISV 2 for further study.
Physicochemical Characterization
Composition of the selected ISV 2 formulations is shown in Table I . A suitable IA injected ISV 2 formulation requires specific properties, such as suitable syringeability, appropriate pH, and the ability to form a cubic liquid crystalline gel in situ rapidly with minimum water absorption. The physicochemical properties of the formulations F1-F5, such as syringeability, pH value, V min , and T g , are characterized and summarized in Table II . As reported in Table II , all formulations were injectable when evaluated by 1-mL plastic syringes with 25 G needles. It should be noted that in the case of the IA injection to the knee, narrow needles from 20 to 25 G are currently used (27, 35, 36) . In this study, the narrowest needles of 25 G were used to minimize the invasion. In addition, the pH values of all formulations were slightly acidic (pH 5.08-5.26) (28).
The effects of different compositions in formulation to form cubic liquid crystalline gels in situ were also evaluated by V min and T g (Table II ). Formulations F1, F2, and F3 had the same water content (20%) but with different ratios of PT/ET (8:2, 7:3, and 6:4). Formulations F1, F4, and F5 had the same ratio of PT/ET (8:2) but with different water contents (20, 15 , and 10%). When the water content kept constant (formulations F1, F2, and F3), V min and T g increased with decreased ratio of PT/ET (Table II) . When the ratio of PT/ET was kept at 8:2 (formulations F1, F4, and F5), water content decrease resulted in the increase of V min and T g (Table II ). As shown in Table II mulation F1 formed a cubic liquid crystalline gel in situ with minimum water absorption within the shortest time.
In order to confirm whether the ISV 2 formulations transformed into the cubic liquid crystalline gels in excess water, CPLM was used to characterize the structures of the formed gels. CPLM is the easiest technique to qualitatively identify different phases by their textures. All investigated gels showed a dark background under CPLM and were characterized as cubic liquid crystals. In addition to CPLM, SAXS is particularly useful in identifying liquid crystalline phases (37) . Therefore, the phase structure of the gel formed from formulation F1 in excess water was further confirmed by SAXS, with a formulation without SMH as a control. The SAXS scattering profiles are illustrated in Fig. 2 . Three Bragg peaks with relative positions at ratios of √2:√3:√4 were marked in the figure. The SAXS data of the samples showed the presence of Pn3m cubic phase structure, which was consistent with the previous studies on PT (17) . Moreover, the loaded model drug of SMH in the formulation did not affect the phase behavior (Fig. 2) .
In Vitro Drug Release Studies
The Influence of Compositions of ISV 2 Formulations
In vitro release studies were conducted to investigate the influence of the initial compositions of ISV 2 formulations on release behavior for a model hydrophilic drug SMH. The formulations in Table I were chosen for drug release studies, and the release profiles are illustrated in Figs. 3 and 4 .
The release of SMH from formulations F1, F2, and F3 with the same water content (20%) but different ratios of PT/ET (8:2, 7:3, and 6:4) is illustrated in Fig. 3 . The release profile of SMH obtained from formulation F1 was significantly slower than that from formulation F2 (f 2 =38.9) and formulation F3 (f 2 =35.5). However, no significant difference was observed between F2 and F3 (f 2 =74.7). The SMH released from formulations F1, F4, and F5 with the same ratio of PT/ET (8:2) but different water contents (20, 15 , and 10%) is illustrated in Fig. 4 . When the water content of the formulation decreased from 20 to 15% (F1 vs. F4), the release of SMH was slightly From above results, it was indicated that the drug release decreased with the ratio of PT/ET increased (Fig.  3) or the water content increased (Fig. 4) , which was consistent with the results obtained by Ahmed et al. (26) . As reported by Ahmed et al. (26) in their study, increasing the ratio of PT/ET or water content increased the viscosity of the formulation, thus resulting to the decreased drug release. Additionally, increasing the ratio of PT/ET also increased the matrix thickness of the fully swollen cubic phase, which also contributed to the decreased drug release (26, 38) .
The Influence of Drug Loading
It was widely reported that the drug release from V 2 is independent of initial drug loading (39, 40) . However, only few research studies investigated the effect of the drug loading on the release behavior of ISV 2 . In this study, ISV 2 formulations (PT/ET/water, 64:16:20, w/w/w) loaded with 6, 8, and 12 mg/g of SMH, respectively, were chosen for in vitro release studies. As shown in Fig. 5 , a higher drug loading led to a faster release of SMH. The release profile of formulation loaded with 12 mg/g of SMH was significantly faster than the formulation loaded with 6 mg/g (f 2 =35.1) and 8 mg/g (f 2 =48.9) of SMH. Similar in vitro release results were found for propranolol hydrochloride (21) , but the exact mechanism is not clear and needs further investigation. In addition, it should be noted that the drug was not completely released from the lower drug content formulations even after 144 h. This incomplete release was probably attributed to the binding of the drug to the PT as described in a previous research (25) .
Preparation and Characterization of ISH 2
According to the results from the previous sections, the optimal ISV 2 (PT/ET/water, 64:16:20, w/w/w) loaded with 6 mg/g of SMH was able to sustain the drug release for 6 days. However, it was suggested that the selected formulation could be even optimized to further improve the sustained release of SMH. For instance, Lee et al. (10) reported that the liquid crystalline nanostructure was utilized to control the release rate of hydrophilic drugs (e.g., glucose, Allura Red, and FITCdextrans). When V 2 and H 2 were prepared using PT with and without 5% VitEA, respectively, the in vitro release rate of each hydrophilic drug from H 2 was significantly slower than that from V 2 . Based on their results, an ISH 2 system, which is able to transform into an H 2 in excess water, was prepared by addition of 5% VitEA into PT in the optimal ISV 2 system. The ISH 2 composition was 60.8% of PT, 3.2% of VitEA, 16% of ET, and 20% of water by weight.
Physicochemical properties of the ISH 2 were characterized. CPLM study demonstrated that the ISH 2 was an isotropic solution and was injectable when evaluated with 1-mL plastic syringes using 25 G needles. The pH value of the ISH 2 was 5.51.
CPLM and SAXS were used to identify the phase structure of the liquid crystalline gel formed from ISH 2 in excess water. As shown in Fig. 6a , the control gel which was formed from ISV 2 in excess water was characterized as a cubic phase (dark background under CPLM). The gel formed from ISH 2 in excess water that showed a fan-like texture was characterized as a hexagonal phase (Fig. 6b) . The SAXS scattering profiles of the gels obtained from ISH 2 with and without 6 mg/g of SMH in excess water are illustrated in Fig. 7 . The SAXS profiles of samples exhibited multiple peaks with relative positions at ratios of 1:√3:√4, which indicated a hexagonal phase (22) . Moreover, the presence of 6 mg/g model drug SMH in the ISH 2 did not affect the phase behavior (Fig. 7) .
Comparison of the In Vitro Drug Release Behavior of ISV 2 and ISH 2
In vitro release studies were conducted to investigate the difference of release behavior between ISV 2 and ISH 2 . Figure  8 illustrates the in vitro release profiles of 6 mg/g SMH from both ISV 2 and ISH 2 .
As shown in Fig. 8 , ISH 2 sustained the drug release for more than 10 days, while the drug level in the release medium was undetectable after 6 days for ISV 2 group. In addition, it should be noted that the inserted panel (from 0-12 h) indicated that the drug release rate of ISH 2 was faster than that of ISV 2 in the first 1 h. This could be probably due to the addition of the hydrophobic VitEA to the system, which hindered the process of water absorption to transform into a hexagonal liquid crystalline gel. As time was going on, ISV 2 and ISH 2 transformed into cubic and hexagonal liquid crystalline gels, respectively, and the release rate of SMH from the matrixes was mainly dependent on the diameter and tortuosity of water channels, as well as whether they are open channels or closed (41) . It is well known that the release rate of hydrophilic drugs from H 2 with rod-like closed water channels is much slower than that from V 2 with larger open water channels, which explained the slower release rate of ISH 2 group after 1 h (10, 41, 42) . The results of this study further demonstrated that the phase structure of liquid crystals formed from their precursor systems (ISV 2 and ISH 2 ) also had an influence on the release behavior of ISV 2 and ISH 2 .
CONCLUSION
In this study, ISV 2 and ISH 2 systems with long-term release of SMH for IA injection were successfully formulated using the PT-ET-water system, with and/or without VitEA. The preliminary in vitro studies showed that both ISV 2 and ISH 2 were injectable and within acceptable pH range. ISV 2 and ISH 2 systems were able to convert in situ into viscous cubic and hexagonal liquid crystalline gel, respectively, after contact with excess water. In vitro release studies showed that the optimal ISV 2 sustained the drug release for 6 days, while the ISH 2 was able to sustain the drug release for more than 10 days. This ISH 2 composed of 60.8% PT, 3.2% VitEA, 16% ET, and 20% water appears to be the most appropriate for IA injection for the treatment of RA.
